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Laminar shear, but not orbital shear, has a synergistic
effect with thrombin stimulation on tissue factor
expression in human umbilical vein endothelial cells
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Rei Abe, MD,a Joseph A. Madri, MD, PhD,b and Bauer E. Sumpio, MD, PhD,a New Haven and West
Haven, Conn
Introduction: High levels of tissue factor (TF) have been associated with atherosclerotic plaques. The specific pathways
linked to TF expression in endothelial cells (ECs) have not been well defined. This study compared TF expression in
human umbilical vein ECs (HUVECs) exposed to laminar shear stress (LSS) using a parallel flow chamber and to orbital
shear stress (OSS) using an orbital shaker. We also compared the effects of thrombin (TH) stimulation of ECs exposed
to different shear forces on the expression of TF and investigated the role that second messengers, p38 and extracellular
signal-regulated kinase 1 and 2 (ERK1/2), had in the EC response.
Methods:HUVECs were subjected to 2, 4, or 6 hours of LSS or OSS in the presence or absence of 4U/mL of TH.Western
blot analysis of ERK1/2 and p38 activation and polymerase chain reaction analysis of TF in the presence of inhibitors to
these second messengers was performed in HUVECs subjected to OSS or LSS in the presence or absence of TH.
Results: TF expression was increased and peaked at 2 hours in all HUVECs exposed to LSS or TH. Stimulation of static
HUVECs with TH resulted in an increase in TF expression of 5.68 1.58-, 3.80 1.21-, and 2.54 0.38-fold at 2, 4, and
6 hours, respectively (n  6 experiments). In the absence of TH, HUVECs exposed to LSS demonstrated a 9.51  0.62-,
7.31 1.43-, and 4.39 1.32-fold increase in TF expression at 2, 4, and 6 hours, respectively (n  6 experiments). TF was
increased significantlymore when exposed to LSS in the presence of TH (18.85 1.43-, 15.05 0.95-, and 8.91 1.06-fold
increases at 2, 4, and 6 hours, respectively [n  6 experiments], P < .01). Between-group analysis showed a significant
difference between groups (P < .001). OSS did not significantly increase TF expression in the presence or absence of TH.
ERK1/2 and p38 activation was increased in LSS and LSS  TH but not in OSS or OSS  TH (n  3 experiments).
Conclusion:LSS andTH independently increasedTF expression, butOSSdidnot. LSSTHstimulation showed a synergistic
effect, which suggests that these mechanical and chemical stimuli work through different pathways or that an intracellular
interaction between TH and LSS may be present that does not occur in OSS. (J Vasc Surg 2011;54:480-8.)
Clinical Relevance: Tissue factor (TF) has been shown to be overexpressed in advanced atherosclerotic lesions where
disturbed flow patterns are prevalent. Mechanical stimuli such as shear stress and chemical stimuli such as TH are thought
to influence the levels of TF expression and activity. Uncovering how these factors influence TF expression on an
intracellular level can lead to a better understanding of atherogenesis and better direct the search for novel therapeutic
targets. This study reveals the different effects that TH and distinct hemodynamic stimuli have on TF messenger RNA
levels and attempts to elucidate the underlying intracellular signaling pathways leading to these effects.
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Volume 54, Number 2 Rochier et al 481Laminar flow is present in large straight segments of the
arterial vasculature, such as the descending and abdominal
aorta, and is characterized by parallel layers of unidirec-
tional flowwithminimal disturbance between those layers.6
These large, straight areas are relatively resistant to the
development of atherosclerosis, and the response of endo-
thelial cells (ECs) to laminar flow is considered to be the
key that confers this atheroprotective trait.6 Conversely,
turbulent flow exhibits random variations in velocity at any
given point and is observed in areas of complex geometry,
such as arterial bifurcations and curvatures, where flow
separation and recirculation emerge.4 Blood flow in these
areas is characterized by separations, cyclic flow reversals,
and by wall shear stress that is highly fluctuating but with an
overall low mean value. Such a flow pattern is referred to as
oscillatory in contrast to the unidirectional pattern, found in
plaque-free areas and characterized by the absence or non-
significant flow reversals and a steady wall shear stress.
Many areas exhibit flow patterns that cannot be classified
completely as laminar or turbulent flow, and therefore, the
term “disturbed” flow has been used to describe them.
Atherosclerotic plaques show an affinity for areas where
disturbed flow is prevalent, such as the lesser curve of the
aortic arch and the carotid bifurcation.4
Tissue factor (TF) is a membrane-bound glycoprotein
with a key role in the regulation of hemostasis.7 It is the
primary initiator of the extrinsic pathway of the coagulation
cascade and is present in abundant quantities in subendo-
thelial cells such as smooth muscle cells and fibroblasts. TF
also functions as a receptor for the coagulation factor serine
protease coagulation factor VIIa. The complex of TF-VIIa
regulates thrombin (TH) generation and activates the co-
agulation pathway. TF is also thought to contribute to
vascular remodeling.8 Under normal physiologic condi-
tions, TF is virtually undetectable in ECs. However, several
studies have shown a substantial increase in TF levels in ECs
in atherosclerotic lesions.9,10 TF pathway inhibitor (TFPI)
knockout mice have significantly higher levels of athero-
sclerosis in areas of disturbed flow such as the carotid and
iliac artery bifurcations, indicating that inhibition of TF
activity by TFPI is an important atheroprotective mecha-
nism.11 In advanced atherosclerotic lesions, there are mul-
tiple sources of TF, including leukocytes, smooth muscle
cells, and ECs overlying the lesion.9 An imbalance between
TF and TFPI activity may trigger an acute thrombotic
event, which is a grave complication of atherosclerosis.
Although many factors control EC phenotype, me-
chanical shear stress has emerged as a critical determinant of
EC function. Application of prolonged laminar shear stress
(LSS) has been shown to promote the expression of an
antiatherogenic phenotype in ECs.12 The acute exposure of
ECs to LSS leads to an intense stimulation of intracellular
signals that culminates in the expression of a diverse set of
genes involved in various processes that ultimately lead to
alteration of EC phenotype.13-19 This surge in intracellular
activity is transient and eventually declines as the endothe-
lium becomes desensitized with constant LSS16-23 and
these genes become downregulated and quiescent. Dis- burbed flow exhibits a similar effect in the acute stage but
iffers in that many cellular responses are sustained. There-
ore, chronic application of disturbed flow appears to result
n the pathologic expression of various proinflammatory
nd atherogenic genes.
The specific pathways linked to this alteration by chem-
cal and mechanical stimuli have not been well defined. In
itro, EC expression of TF has been shown to be modu-
ated by the application of various flow patterns and chem-
cal stimulants such as tumor necrosis factor- (TNF-)
nd TH.8,15,17,24,25 We hypothesized that different hemo-
ynamic forces could influence EC response to chemical
timulation. This study was designed to compare TF ex-
ression in HUVECs exposed to two different types of
hear stress: LSS, using a parallel flow chamber, and orbital
hear stress (OSS), using an orbital shaker that has been a
odel of disturbed flow in previous studies.18,19,21,26,27
e also sought to compare the effects of TH stimulation of
Cs exposed to different shear forces on the expression of
F. In addition, we investigated the role of second messen-
ers, p38 and extracellular signal-regulated kinase (ERK),
hich may be involved in mediation of the TF pathway as a
rst step to try to elucidate the regulation of this pathway.
ETHODS
Cell culture. Primary cultures of HUVECs (obtained
rom Dr Jordan Pober, Department of Pathology, Yale
chool of Medicine) were cultured with M-199 culture
edium enriched with 20% fetal bovine serum (FBS), 10
g/mL heparin, 5 g/mL EC growth supplement (BD
iosciences, Palo Alto, Calif), and penicillin-streptomycin
ntibiotic combination (both 100g/mL), in an incubator
t 37°C and 95% humidity. After reaching confluence,
.25% trypsin ethylenediaminetetraacetic acid was used for
etachment, and passage 2 to 6 cells were used. Twenty-
our hours before experimentation, 1% FBS medium was
sed in the presence or absence of 4 U/mL of TH and/or
n the presence or absence of 10M of p38 inhibitor
SB203580 [SB]) ormeiosis-specific serine/threonine pro-
ein kinase (MEK1) inhibitor (PD98059, [PD]; Promega
orp, Madison, Wis). In control experiments, dimethyl
ulfoxide solvent was added to the medium in place of the
nhibitor in equivalent amounts.
Shear stress application. HUVECs were exposed to
SS by using a parallel-plate flow chamber system, as we
ave previously described.16,18-20,22,23,28 HUVECs were
eeded on fibronectin-coated glass slides (75  22 mm,
isher Scientific, Pittsburgh, Pa), and upon confluence,
hey were mounted on parallel flow chambers (Cytodyne,
a Jolla, Calif) and exposed to physiologic levels of LSS (14
yne/cm2).
OSS was generated using an orbital shaker (Lab-Line,
elrose Park, Ill) placed in an incubator as previously
escribed.18,27 HUVECs were seeded selectively in the
eriphery of gelatin-coated plastic petri dishes (100 26.5
m). This pattern of seeding was used to ensure uniform
pplication of shear stress since the magnitude of shear has
een shown to be different depending on the distance from
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August 2011482 Rochier et althe center, with greater magnitudes attained in the periph-
ery and lowest in the center.27 A rotational frequency of
210 rpm was used, which generates approximately 14
dyne/cm2 in the periphery. Static HUVECs were used as
controls in both sets of experiments.
RNA isolation and estimation of TF messenger
RNA levels. HUVECRNAwas isolated using the RNeasy
Mini Kit (Qiagen, Valencia, Calif) according to the manu-
facturer’s specifications. RNA was reverse transcribed using
the iScript reverse transcription kit (Bio-Rad Laboratories,
Hercules, Calif), and polymerase chain reaction (PCR) was
performed in a C1000 Thermal Cycler (Bio-Rad). TF
messenger RNA (mRNA) levels were measured with quan-
titative real-time PCR (qRT-PCR) with -actin serving as
the housekeeping gene. All qRT-PCR reactions were per-
formed in a CFX96 Thermal Cycler machine (Bio-Rad)
using iQ SYBR Green Supermix (Bio-Rad).29 Primer se-
quences for TF were:
TF forward 5=-GCCAGGAGAAAGGGGAAT-3=;
TF reverse 5=-CAGTGCAATATAGCATTTGCAGTAGC-3=.
Sequences for -actin were:
-actin forward 5=-TTGGAGCTGTGGTATTTGTGGT-
CATCATCC-3=;
-actin reverse 5=-TCACCCACACTGTGCCCATCTACG-3=.
Primers were purchased from Integrated DNA Tech-
nologies (Coralville, Iowa). The Pfaffl method was used to
calculate fold-changes in TF mRNA expression levels.30
Measurement of TF activity. Cell-surface TF activity
was determined in HUVECs using a colorimetric Acto-
chrome TF activity assay kit (American Diagnostica Inc,
Stanford, Conn) according to the manufacturer’s in-
struction with minor modifications.31 After stimulation,
HUVECs were washed twice with PBS, followed by incuba-
tion with human recombinant factor VIIa and factor X,
allowing the formation of a TF/factor VIIa complex at the
cell surface, which converted human factor X to factor Xa.
The amount of factor Xa generated was measured by its
ability to cleave a highly specific chromogenic substrate. TF
activity was measured against the linear range of a standard
curve using lipidated TF, comparing TF concentration
(mol) and absorbance at 405 nm. Protein concentrations
in cell lysates were determined using a bicinchoninic acid
assay kit (Pierce, Rockford, Ill) to normalize for any minor
differences in cell number for each group. TF activity for
each group was expressed as mol/mg protein.
Western blotting. Western blot analysis was per-
formed using the Bio-Rad Miniblot system using p38 and
ERK1/2 phospho-specific antibodies (Cell Signaling
Technology Inc, Danvers, Mass), as previously de-
scribed.18,20,28 In brief, after completion of the experi-
ments, HUVECs were lysed and centrifuged and stored at
–80°C until run in 10% Tris gels (Bio-Rad). Gels were run
at 20 mAmps/gel for approximately 60 to 90 minutes and
then transferred to Immobilon membrane (Fisher Scien-
tific) at 100 V for 60 minutes. Membranes were blocked
with 5% milk and washed in anti-ERK 42/44 or anti-p38 arimary antibody overnight and horseradish peroxidase-
onjugated antirabbit polyclonal secondary antibody for 45
inutes. Western Lightning was used as the enhanced
hemiluminescence agent for exposure. To ensure equal
oading, membranes labeled first with phospho-specific pri-
ary antibodies were compared with the same membrane
abeled with total primary antibodies after the membrane
as stripped with a 0.2% sodium dodecyl sulfate solution
hat was placed on the membrane after being brought to a
oil and remained on the membrane until room tempera-
ure.
Densitometry. After the membranes were developed
n Kodak x-ray film (Rochester, NY), they were scanned
nd the bands quantitated with densitometry. Densitomet-
ic values were obtained using ImageJ public software
http://rsbweb.nih.gov/ij/index.html). The densitomet-
ic values were expressed as the fold-induction compared
ith the static control level. Data are expressed as phos-
horylated p38 or phosphorylated ERK compared with
otal p38 or total ERK, respectively, normalized to control
ean densitometry  standard error of the mean for three
xperiments.
Statistical analysis. Statistical significance between
reated groups and controls was evaluated using the Mann-
hitney test. One-way analysis of variance and post hoc
nalysis were used for between-group analysis, and P .05
as considered significant. All results are expressed as
ean  standard error.
ESULTS
TF expression in HUVECs exposed to LSS or OSS.
e confirmed that exposure of static HUVECs to 4U/mL
H led to a significant elevation of TF, which peaked at 2
ours (Fig 1). TF expression due to TH stimulation in
UVECs grown on fibronectin-coated glass slides (Fig 1,
) was not statistically different from HUVECs grown on
elatin-coated culture dishes (Fig 1, B). These studies were
erformed because we were unable to obtain correspond-
ng plastic slides or glass petri that were technically feasible
or the shear apparati. Different coatings were needed for
he slides than the petri dishes because our preliminary
tudies demonstrated that gelatin was not an optimal coat-
ng for HUVEC growth on glass and fibronectin was not
ptimal for plastic (data not shown).
HUVECs exposed to LSS resulted in a significant in-
rease in TF mRNA expression that peaked at 2 hours
9.51  0.62-fold increase, compared with static controls)
nd continued to decline by 6 hours (4.39 1.3; Fig 1,A).
ombined exposure of HUVECs to TH  LSS caused a
ore than additive increase in TF stimulation. In contrast,
SS had minimal effect on TF expression by HUVECs
ven up to 6 hours of stimulation and no additive effect
ith TH (Fig 1, B), and these were significantly different
rom the LSS and LSS  TH groups (P  .05). There was
lso no significant difference between TF expression in-
uced by TH alone and OSS in the presence of TH, but
hese two groups were statistically significant from OSS
lone at 2 hours (P  .01). Between-group analysis dem-
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Volume 54, Number 2 Rochier et al 483onstrated a significant difference between 2-hour LSS 
TH compared with 2-hour TH and 2-hour LSS (P .001)
and between 4-hour LSS TH compared with 4-hour TH
and 4-hour LSS (P  .002). The pattern of TF expression
seen in the various experimental groups was mirrored by a
similar increase in TF activity, but the temporal pattern was
different (Fig 1, C and D). The peak of TF activity with
TH  LSS occurred at 4 hours and gradually returned to
baseline by 12 hours after stimulation. The LSS  TH
group also had a much higher level of TF activity compared
with either TH or LSS stimulation alone (Fig 1, C) and
Fig 1. Tissue factor (TF) expression and activity in hum
chemical and/or mechanical stimulation. HUVECs we
stimulation or a combination of these. TF messenger R
chain reaction, and fold-changes were calculated compare
error for six experiments. TF activity was measured usin
protein. Values are means  standard error for four exp
control for HUVECs grown on fibronectin-coated glass
(LSS), or LSS  TH. B, TF fold-increases in expression c
plastic petri dishes (orbital set) and subjected to TH, o
HUVECs grown on fibronectin-coated glass slides and
HUVECs grown in gelatin-coated plastic petri dishes (or
compared with 2-hour TH, 2-hour LSS, and 6-hour LSS
6-hour LSS TH. *P .05 comparing LSS vs LSS TH
and 2-hour OSS  TH. P values calculated by analysis oappeared to be sustained for a greater period of time. dTF expression was inhibited by 10M p38 inhibitor,
B, and 10MMEK 1 inhibitor, PD, in both LSS and OSS
xperiments (Fig 2). The decrease in TF expression in the
resence of inhibitor compared with dimethyl sulfoxide
ontrols in the TH-alone groups was similar for PD
	50%) and for SB (	35%) in both groups. HUVECs in
he presence of PD showed similar degrees of inhibition
etween the LSS and LSS TH groups (	65%; Fig 2, A).
ikewise, HUVECs in the presence of SB showed similar
egrees of inhibition between the LSS and LSS  TH
roups (55%). However, in the OSS experiments, the
mbilical vein endothelial cells (HUVECs) subjected to
bjected for up to 12 hours of mechanical or chemical
mRNA) was then measured with real-time polymerase
h static controls (0 hours). Values are means standard
lorimetric assay and the results expressed as mol/mg
nts. A, TF fold-increases in expression compared with
s and subjected to thrombin (TH), laminar shear stress
ared with control for HUVECs grown in gelatin-coated
l shear stress (OSS), or OSS  TH. C, TF activity for
jected to TH, LSS, or LSS  TH. D, TF activity for
et) and subjected to TH, OSS, or OSS TH.P .05
. #P .05 compared with 4-hour TH, 4-hour LSS, and
H vs LSS TH. **P .05 compared with 2-hour TH
ance with post hoc analysis.an u
re su
NA (
d wit
g a co
erime
slide
omp
rbita
sub
bital s
 TH
or Tegree of inhibition was much greater in the OSS  TH
analysis of variance with post hoc analysis.
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August 2011484 Rochier et alFig 3. Western blot analysis of phosphorylation of p38 in response tomechanical/chemical stimuli. Human umbilical vein
endothelial cells (HUVECs) were subjected to 0, 5, 15, or 30 minutes of chemical or mechanical stimulation, or a
combination of the two. A representative Western blot is shown. A, Densitometric fold-increases of p38 phosphorylation
comparedwith control forHUVECsgrownonglass slides (laminar set) and subjected to thrombin (TH), laminar shear stress
(LSS), or LSS TH. B, Densitometric fold-increases of p38 phosphorylation compared with control for HUVECs grown
in petri dishes (orbital set) and subjected to TH, orbital shear stress (OSS) or OSS TH.P .05 compared with TH at
same time point, *P .05 comparing TH vs LSS or TH vs TH LSS, **P .05 compared withOSS. Values are meansFig 2. Tissue factor (TF) expression in human umbilical vein endothelial cells (HUVECs) exposed to mechanical
and/or chemical stimulation for 2 hours in the presence of dimethyl sulfoxide (DMSO, controls) or inhibitors.
HUVECs were subjected to chemical or mechanical stimulation, a combination of the two, or static conditions for 2
hours in the presence of DMSO (controls) or 10M of an inhibitor (PD98059 or SB203580). A, TF-fold increases
compared with control forHUVECs grown on fibronectin-coated glass slides and subjected to thrombin (TH), laminar
shear stress (LSS), or LSSTH.B, TF fold-increases compared with control for HUVEC grown in gelatin-coated petri
dishes and subjected to TH, orbital shear stress (OSS), or OSS TH. *P .05 comparing experiments in the presence
of inhibitors to the DMSO controls. Values are means  standard error for four experiments. P values calculated bystand error for three experiments. P values calculated by analysis of variance with post hoc analysis.
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Volume 54, Number 2 Rochier et al 485groups (50% for PD and 47% for SB) than in the OSS-alone
groups (27% for PD and 13% for SB; Fig 2, B).
Activation of p38 and ERK determined by
phosphorylation. P38 was phosphorylated by LSS and
the combination of LSS TH. Both stimuli demonstrated
greater activation of p38 than TH alone (Fig 3, A). How-
ever, no significant increase in p38 activation was seen in
OSS (Fig 3, B). OSS  TH showed no significant increase
in p38 activation compared with TH alone.
LSS combined with TH demonstrated a much greater
activation of ERK than TH alone (Fig 4, A). OSS  TH
showed no increase compared with TH alone (Fig 4, B). In
addition, no significant increase in ERK1/2 activation was
seen in OSS.
DISCUSSION
This study demonstrates the different effects that dis-
tinct hemodynamic and chemical stimuli have on TF
mRNA expression and activity. We have shown that expo-
sure of HUVECs to acute high LSS induces a transient but
robust rise in TFmRNA and activity that returns to baseline
over time. In addition, chemical stimuli, such as TH, dem-
onstrate a synergistic effect on TF mRNA expression and
activity when applied under LSS conditions. Based on the
results using inhibitors, p38 and ERK1/2may play a role in
the increase in TF mRNA expression. Furthermore, during
combined mechanochemical stimuli, p38 and ERK1/2
seem to be regulated predominantly by the mechanical
environment rather than by chemical stimuli, resulting in
the elevation of TF mRNA expression.
Because studies show that TF is overexpressed in ad-
Fig 4. Western blot analysis of phosphorylation of extra
mechanical/chemical stimuli. Human umbilical vein endot
of chemical or mechanical stimulation, or a combination o
metric fold-increases of ERK phosphorylation compared w
subjected to thrombin (TH), laminar shear stress (LSS), or
ylation compared with control for HUVECs grown in pet
(OSS), or OSS  TH. P  .05 compared with TH *P
means standard error for three experiments. P values calcvanced atherosclerotic lesions, where disturbed flow pat- ferns are prevalent, our findings are consistent with the
ypothesis that mechanical stimuli such as shear stress and
hemical stimuli such as TH may directly influence the
evels of TF expression and activity in these lesions.11,29,32
ur measurement of TF activity correlated with the
esults for TF expression with the expected delay in the
ise of activity levels with respect to the induction of TF
xpression. Because TF activity may be influenced by
osttranslational changes and cell compartmentalization
ssues33 that would complicate the study of regulation of
F expression by second messengers, TF mRNA was used
or the inhibitor studies.
Previous reports have shown TF expression elevation in
variety of conditions. In vitro studies have demonstrated
hat the acute stimulation of cultured ECs with high levels
f LSS results in a transient but impressive activation of
everal genes involved in inflammation and atherogene-
is.15,17,29 Our results confirm this observation, because we
bserved that HUVECs exposed to LSS express TF mRNA
evels with a transient peak at 2 hours that returns to
aseline over 6 hours. Previous reports have also docu-
ented this pattern of TF mRNA levels peaking early and
eclining over time.15,17 The combination of LSS and TH
timulation yielded greater TF mRNA levels than what
ould have been expected by simply an additive effect. At
ll time points, the sum of the individual LSS and TH
timulation would have resulted in TF mRNA values that
ere much less than the measured LSS  TH values
15.19, 11.11, and 6.93 at 2, 4, and 6 hours, respectively).
his synergistic effect was not present in OSS  TH and
uggests that these different shear forces may activate dif-
ar signal-regulated kinase 1/2 (ERK1/2) in response to
cells (HUVECs) were subjected to 0, 5, 15, or 30minutes
two. A representative Western blot is shown. A, Densito-
ntrol for HUVECs grown on glass slides (laminar set) and
TH. B, Densitometric fold-increases of ERK phosphor-
hes (orbital set) and subjected to TH, orbital shear stress
comparing TH vs LSS or TH vs TH  LSS. Values are
d by analysis of variance with post hoc analysis.cellul
helial
f the
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LSS
ri dis
 .05erent signaling pathways or that activation of different
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August 2011486 Rochier et alintracellular signaling pathways between thrombin and LSS
may be present that does not occur in OSS.
Early reports indicate that second messengers such as
p38 and ERK1/2 have a major role in the mediation of
TF expression.34,35We observed in our studies that the p38
and ERK inhibitors both inhibited TF expression in
HUVECs stimulated with thrombin by approximately 35%
and 50%, respectively, in both the fibronectin-coated glass
slides and gelatin-coated plastic dishes. OSS was not af-
fected by p38 or ERK inhibitors, which is not surprising
because OSS did not activate p38 or ERK1/2 or elevate TF
mRNA expression. The inhibitor studies demonstrated a
lesser decrease in the OSS TH group compared with the
LSS TH group, supporting the hypothesis that OSS and
LSS are distinctly different forces. More importantly, our
results indicate that the decrease in TFmRNA expression in
the presence of inhibitor was similar in the LSS and LSS 
TH groups, with an approximately 55% decrease in the
presence of SB and a 65% decrease in the presence of PD.
This suggests that the addition of the chemical stimulus
produced no difference in the degree of inhibition from the
mechanical laminar stimulus alone and supports the hy-
pothesis that mechanical signaling plays a more dominant
role than chemical stimulation in activation of p38 and
ERK1/2 in HUVECs exposed to mechanochemical stim-
ulation.
The pattern of p38 activation in the LSS experiments
(Fig 3, A) also supports mechanical stimulation being the
dominant force leading to p38 activation, because the LSS
TH group trended in the same pattern as the LSS, rather
than the TH group. In addition, ERK1/2 activation
seemed to be most influenced by LSS, since the combina-
tion of LSS TH group was not statistically different from
the LSS group (Fig 4, A). Both p38 and ERK phosphory-
lation were not increased by OSS, and OSS  TH showed
no higher levels of phosphorylation than the TH alone
groups. Taken as a whole, our results are consistent with
our postulate that OSS has no impact on activation of p38
or ERK1/2 but that these signaling pathways seem to play
a prominent role in elevation of TF particularly in the
setting of LSS.
The present study demonstrated an increase in TF
mRNA expression in response to LSS, TH, and the com-
bination of LSS  TH, but not OSS, and indicates that
certain mechanical forces and chemical stimulants indepen-
dently stimulate TF expression, but there may also be
synergism between mechanical and chemical stimuli. Vari-
ous limitations to our study could possibly temper these
results. First, it should be noted that shear stress is not the
sole mechanical force applied to cells stimulated by an
orbital shaker. Many other factors that may influence cells
exposed to OSS, most notably centrifugal forces, are absent
in the LSSmodel. In the OSSmodel, complex recirculation
currents are present and both the temporal and spatial
gradients of shear occur, making the magnitude difficult to
measure and quality of the flow difficult to determine. The
relative intensity of the turbulence in the orbital model
cannot be measured reliably and must be inferred on a basis cf the Reynolds’ number.27 In addition, the orbital motion
ay not be an accurate representation of disturbed flow as
e originally hypothesized. We assumed a turbulent or
isturbed flow based on the calculated direction of shear
tress and the Reynolds’ number, but the recirculating flow
atterns are more complex.
Another potential limitation of our experiments was
he final time of 6 hours, which, based on previous reports,
as considered to be enough to elicit a response with either
SS or OSS. However, a longer time may be necessary to
bserve a cellular response with OSS. In this regard, we
erformed up to 24-hour stimulation with OSS (data not
hown) but still failed to elicit a significant increase in TF
RNA expression. The magnitude of the OSS stimulus
ay also not be sufficient to induce an increase in TF
xpression, but we are unable from a technical standpoint
o increase this due to spillage of media. Furthermore,
ecause only the maximum level of shear stress can be
alculated in OSS due to the recirculation currents, perhaps
he magnitude of shear stress may be misrepresented by the
heoretic calculation of orbital shear stress.27 In addition,
ow levels of OSS (6 dyne/cm2) did not yield any signifi-
ant increases in TF expression (data not shown). Low
evels of shear stress have been associated with atherogen-
sis even if the flow pattern is strictly laminar,13,36 and
heoretically, TF should rise after the application of low
evels of OSS. This, however, was not observed in our
reliminary experiments.
Other investigators, using perfusion flow models, have
hown that TF levels increase after prolonged exposure to
SS.8 Our selected model of disturbed flow, OSS, did not
eem to significantly influence the levels of TF expression.
his finding was independent of shear stress magnitude,
ndicating that the flow pattern itself in the selected time
rame is not capable of yielding a response. Perhaps using
SS as a disturbed flow model is not valid nor a true
epresentation of the disturbed flow in areas of increased
therogenesis. Disturbed flowmay be better represented by
he acute phase of the initiation of LSS in cells that were
reviously static because it is a brief disturbance to cells
ntil it becomes constant. It is interesting to note that in
ilot studies, preconditioning HUVECs with OSS for 24
ours and then stimulating with TH resulted in a significant
4-fold increase in TF after 2 hours.37 This intriguing
nding suggests that chronic exposure of the endothelium
o disturbed flow sensitizes it to chemical stimulation.
urther work is needed to carefully characterize these phe-
omena.
Another reason for the different responses elicited by
SS and OSS may be that OSS results in the activation of
ompeting intracellular signals or parallel pathways that
ttenuate this signal and subsequent TF expression. Be-
ause p38 and ERK are mediators in the TF pathway18 but
ay not directly affect TF mRNA, other mediators trig-
ered by OSS in the TF pathway may inhibit this signaling
athway or cause activation through a different signaling
athway leading to TF downregulation. These mediators
ould include knownmessengers such as AKT34,35 or other
R1
1
1
1
1
1
1
1
1
1
2
2
2
2
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Volume 54, Number 2 Rochier et al 487pathways that have not been investigated. Previous investi-
gations using the orbital shaker have indicated that OSS has
a significant effect on various intracellular signaling path-
ways such as the mitogen-activated protein kinase cascade
and modulates Sp-1 phosphorylation and Egr-1 expres-
sion.19,38 Our results suggest that mechanical stimulation
of TF expression in HUVECs is dependent on very discrete
and specific intracellular signals. The complexity is under-
scored by our previous reports that exposure of ECs to OSS
or LSS results in similar proliferative and apoptotic re-
sponses.16,20,27 Unlocking the differences between these
two flow patterns on an intracellular level will be needed to
fully elucidate our observations.
CONCLUSIONS
Our studies demonstrate that a chemical stimulus
added to a mechanical stress environment may have a
synergistic impact on the EC response. The mechanical or
chemical stimulation alone may not be potent enough to
stimulate the maximum EC response. This may correlate to
the role ECs in vivo play in atherogenesis in areas of
disturbed flow, such as the carotid bifurcation, when levels
of circulating chemicals are altered. Increased circulating
TH alone may stimulate a submaximal level of TF expres-
sion that is not at a high enough level to lead to atheroscle-
rosis but under conditions of mechanical shear stress reach
a level high enough to trigger the atherogenesis pathway.
This may provide insight into the role of disturbed and
laminar flow in atherogenesis. Although current thinking is
that atherosclerotic lesions occur in regions of disturbed
flow, the local mechanical forces may not be the sole
determinant. Instead, our study suggests that the effects of
systemic circulating factors on the endothelium may be
mediated by the sensitization of the vascular wall to the
chronic exposure to the specific local forces. Current stud-
ies are focused on elucidating exactly which pathways are
used in each type of stimulation as well as transcription
factors involved in the TF pathway. Uncovering how these
factors influence TF expression on an intracellular level
should lead to a better understanding of atherogenesis and
the potential discovery of novel therapeutic targets.
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